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Abstract

:

Metal-Organic Frameworks have attracted profound attention the latest years for use in environmental applications. They can offer a broad variety of functions due to their tunable porosity, high surface area and metal activity centers. Not more than ten years ago, they have been applied experimentally for the first time in energy storage devices, such as batteries. Specifically, MOFs have been investigated thoroughly as potential materials hosting the oxidizing agent in the cathode electrode of several battery systems such as Lithium Batteries, Metal-Ion Batteries and Metal-Air Batteries. The aim of this review is to provide researchers with a summary of the electrochemical properties and performance of MOFs recently implemented in battery cathodes in order to provide fertile ground for further exploration of performance-oriented materials. In the following sections, the basic working principles of each battery system are briefly defined, and special emphasis is dedicated to MOF-based or MOF-derived nanomaterials, especially nanocomposites, which have been tested as potential battery cathodes.
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1. Introduction


Continuously expanding energy demands constitute one of the most crucial worldwide concerns. Batteries offer a viable solution to store power deriving from renewable energy sources, however, there are still challenges regarding the environmental footprint and the abundance of resources of batteries when taking into account the production route and their disposal.



Primary and rechargeable batteries’ performance is closely related to the efficiency and durability of the oxidizing material, contained in the cathode. In general, cathodes need to present ionic and electronic conductivity, mechanical and chemical endurance, rechargeability and of course nontoxicity and safety, like all battery electrodes. For all those requirements to be met while enhancing the battery’s performance, researchers have been developing over the years more and more delicate solutions which offered highly functional materials. However, current worldwide material and energy restrictions demand dramatic reductions of complexity and value of the solutions proposed for future upscale. In other words, synthesis procedures need to be simplified, materials used have to be widely accessible and cost-effective and all the processes of cathode manufacture should meet current requirements of environmental friendliness [1,2,3,4,5].



Metal-Organic Frameworks (MOFs) have attracted much interest in energy applications due to the ample unique geometries and porosity they can acquire which lead to distinct electrochemical properties [1,6]. Their synthesis routes have been identified as scalable, while they have proved to be highly versatile when forming hybrids. MOFs include a considerable variety of different linkers and metals that can be combined, with a significant part of them being receptive to rational modifications in order to bring novel functionalities to the table [7,8]. Nevertheless, one of the main drawbacks of MOFs for electrochemical applications is the low conductivity caused by the organic linkers’ inherent insulation and poor overlap between their π orbitals and metal centers d orbital [9,10].



When combined with other nanostructures, MOFs are able to form multifunctional hybrids with abundant active sites exhibiting enhanced electronic and ionic conductivity and electrochemical properties. In such ways, the intrinsic capacity of the electrode can be expanded while the kinetics of redox reactions can be accelerated. MOFs have also been considered as self-sacrifice templates of carbon-based architectures that act as a support for catalytic molecules or even precursors of oxides. Calcination in the air has been very popular for the preparation of metal oxides, whereas pyrolysis in an inert atmosphere can produce hierarchical carbons. The development of methods in order to tailor the morphology and porosity of such materials has been a significant obstacle over the years, thus MOFs can alleviate this with fine-tuning during the initial synthesis. The atomically homogeneous structure ensures a uniform distribution between the carbon and the metal-based part, which can also be removed completely via acid treatments. The generation of such intriguing designs can ameliorate the cycling stability and overall battery performance [11].



This review aims to give an overview of MOF-based nanomaterials and nanocomposites, applied in battery cathodes, giving emphasis to innovative MOF conjunctions. In the first place, an overview of pristine MOFs is provided, while afterward the properties of MOFs derivatives and their nanocomposites are summarized. The materials are organized depending on the battery application as Lithium batteries, Metal-Ion batteries, and Metal-Air batteries (MABs) have diverse operational demands.




2. Lithium Batteries


When referring to Lithium Batteries we describe batteries with Li anodes and porous cathodes accommodating Sulfur (or Selenium) as an active material. Their fundamental operation lies in the transfer of lithium ions towards the confined Sulfur in the cathode, in order to form lithium sulfide via several redox reactions and intermediates [12].



The overall electrochemical reaction can be summarized below:
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Their theoretical capacity reaches relatively high numbers (1C = 1672 mAh/g) however they suffer from a destructive phenomenon known as the shuttle effect. Shuttle Effect describes the corrosive mobility of intermediate polysulfides towards the anode and back, leading to self-discharge and early stability fade. These short-chain polysulfides can be mitigated by more efficient encapsulation of sulfur in the cathode pores. MOFs have been thoroughly explored as potential hosts due to their extended surface area and pore structure, including carbon derivatives which possess higher electrical conductivity and mechanical flexibility [13,14,15,16,17].



The first attempt to insert a MOF in a Lithium- Sulfur (Li-S) battery cathode goes back to 2011 and MIL-100 (Cr). MIL-100 (Cr) is based on trimesic acid linker and chromium octahedra, possessing mesoporous cages of 25–29 Å and pore volume of ~1 cm3/g. For the preparation of the cathode at least 25 wt% of carbon was needed to increase the conductivity while the integration of Sulfur took place at 155 °C (melting point of 115 °C). The cathode capacity did not exceed 500 mAh/g after 50 cycles probably due to the fragile binding of polysulfide anions to the framework or blockage of sulfur from the carbon matrix [18]. The corresponding vanadium variant was also applied for 200 cycles at 0.1C, delivering a reversible capacity of ~550 mAh/g, along with a reduced graphene oxide (RGO) composite, which demonstrated a slightly enhanced efficiency with 650 mAh/g at 0.1C after 75 cycles and 450 mAh/g over 300 cycles at 0.5C, albeit not directly comparative results [19].



Particle size proved to acquire a principal role among other parameters concerning the capacity of the cathode. Baumann et al. [20] modified the particle size of HKUST-1 and studied the effect on battery performance. The samples were of particle sizes 0.16, 1.6, and 5.9 μm samples and delivered correspondingly 679, 540 and 480 mAh/g and capacity retentions of 64, 60 and 54% (end of 20 cycles at 0.1C). It is highlighted that an autoclave-free “precooling” procedure was followed in order to synthesize the nanosized MOFs (0.16 nm) which showed the most favorable electrochemical properties. Furthermore, the features of ZIF-8 were extensively investigated when nanosizing [20]. Zhou et al. [21] prepared particles of 2 μm, 800 nm, 200 nm, 70 nm and 15 nm via a facile solution synthesis route and reported their long-term stability for 250 cycles at 0.5 C. The cathode comprised of the MOF NPs of 15 nm delivered the highest maximum capacity 968 mAh/g. One year before, the same team conducted similar research also for HKUST-1, MIL-53 (Al) and NH2-MIL-53 (Al). Although the capacities noted for ZIF-8 were significantly lower, the results verified that downsizing particles benefit sulfur utilization due to the larger total external surface area and shorter electron diffusion pathway for sulfur species reduction in the framework. Among the above MOFs, MIL-53 exhibited the best performance, reaching a discharge capacity of 793 mAh/g and maintaining 44% of the capacity over 300 cycles at 0.5C. Geng et al. [22] recently conducted an investigation on which morphological factors have the strongest effect on MIL-96-Al crystals’ performance in a Li-S battery application.



Another strategy reported to enhance sulfur confinement by modifying active surface area is boosting macro and microporosity of ZIF-8 by exploiting PMMA nanospheres as templates and ZnO as a precursor (Figure 1). The 3DOM ZIF-8 presented remarkable stability over 500 galvanostatic cycles at 2C (capacity retention 84%) when applied as a cathode in a Li-S battery. The prohibition of early degradation was attributed to the powerful interaction between 3DOM ZIF and polysulfides, as verified by UV-Vis and XPS analysis [23]. A similar method was followed recently by Wang et al. [24] who utilized a PS template to form a 3DOM ZIF67 matrix to confine Sulfur molecules. The resulted cathode delivered an initial capacity of 1079.8 mAh/g at 0.2C and endured 500 cycles at 1C.



Beyond their role in downsizing, creating heterostructures with carbon conductive substances has been a very popular method to enhance the activity of electrode material. MOFs’ weaknesses can be alleviated by integrating carbon materials, possessing numerous benefits, such as different forms (graphene, nanotubes), high conductivity, mechanical strength and chemical robustness [25]. Regarding GO, it is mainly used in its reduced form. Wang and co-workers studied ZIF-8@rGO as a cathode by firstly preparing the zinc carbonate hydroxide/rGO composite, which was used as a precursor for the final sample [26]. The nanocomposite’s micropores can provide better dispersion of S8 crowns and the abundant nitrogen sites can immobilize the polysulfides by forming Li-N bonds and enhance cycling stability. At 200 mA/g the cathode supplied a high initial discharge capacity of 1544 mAh/g, retaining at 523 mAh/g at the end of 200 cycles, compared to pure ZIF-8, which delivered 1206 and 346 mAh/g, respectively. On the other hand, setting higher current densities (1 A/g) leads to much lower initial capacities; 678 mAh/g for the composite, and 426 mAh/g for the pristine ZIF-8, after 300 cycles [26].



Carbon nanotubes (CNTs) have also been popular due to their high tensile strength, flexibility, conductivity, and aspect ratio. A hollow ZIF-8 (HZIF) with CNTs was reported by Wu et al. by using tannic acid as a modulator [27]. SEM pictures reveal the hollow structure with a shell thickness of 55 nm. Through the electrostatic force, negative charged CNTs are attached to the positive charged HZIF (functionalized with PDDA), to receive the hybrid sulfur host. The polysulfides adsorption was studied with XPS analysis; after the Li2S6 adsorption, weaker C-O, C=O and C-N peaks were observed, indicating the strong capture capabilities of O and N functional groups. The cathode (75 wt.% sulfur content) managed to deliver good cycling stability, with a capacity of 625 mAh/g after 500 cycles at 0.5C) and promising efficiency at the increased rate of 3C (696 mAh/g) (Figure 2) [27].



Tannic acid was also utilized as a modulator by Ge et al. [28] in an attempt to form a more functional ZIF-67 in order to mitigate the shuttle effect. The idea is that the hydroxyl groups of tannic acid can modify polysulfides into being insoluble. Tannic acid also tends to deform Co-N bonds, promotes the formation of N-H bonds, activates polarity and restricts the dissolution of polysulfide intermediates in the electrolyte [13]. The pristine ZIF-67 delivered a specific capacity of 422 mAh/g for 100 cycles at 100 mA/g, while 5 min of treatment with tannic acid attributed to the battery and raise the capacity to 757 mAh/g.



Turning back to nanocomposites’ investigation, Bao et al. prepared mesoporous MIL-101@rGO, which displayed a capacity of 650 mAh/g after 50 cycles at 0.2C with a capacity retention of 66.6% [29]. The mesopores can significantly slow down the shuttle effect, due to the strong adsorption of polysulfides [30]. Additionally, micropores can also prevent the above issue, while promoting the entrapment of elemental sulfur for increased discharge capabilities.



An rGO coating layer can offer a better sulfur utilization rate along with increased conductivity while suppressing the volume expansion throughout the redox reaction. Such an example has been investigated with an iron MOF based on azobenzenetetracarboxylic acid ligand [31]. A faster capacity fade is observed during the first 80 cycles dropping from 1643 to 865 mAh/g and reaching 639 mAh/g after a total of 200 cycles at 0.5C (Figure 3). The high initial capacity of the composite is induced by the layer conductivity and the reduction of the interface contact resistance [32].



Xu et al. synthesized a Ni-MOF-74/CNT composite via a typical solvothermal method [33]. The MOF structure pores could trap the polysulfides, whereas MWCNTs provided the electric path and necessary channels for the electrolyte transfer. The cathode maintained 503 mAh/g after 400 cycles at 2C, with retention of 65.1%. The CNTs concentration is also integral to the final properties and its effect has been tested during the preparation of UiO-66/CNT [34]. Additionally, since an ideal UiO-66 does not have available Lewis acidic sites to bind the polysulfides, benzoic acid was used as a modulator, competing with terephthalic acid and creating linker-missing defects in order to introduce more active sites and receive a more open framework [35,36,37]. The interaction of coordination defects and polysulfides entrapment was studied with DFT [34]. In short, structures with 1–3 linker defects were simulated, showing not only a stronger affinity to Li2S4 than an ideal UiO-66 but an enlargement of inner cavities [36]. However, more defects lead to the opposite effect weakening the binding energy [34]. The composite achieved better cycling stability with 34% CNT content, instead of 23 or 56%, both over 300 cycles at 0.5 A/g (765 mAh/g), and over 800 cycles at 1 A/g (~500 mAh/g).



Further thermal treatment of MOFs can form nanocarbons, which adopt the same morphology as their precursor. This provides researchers with the opportunity to explore a wide variety of unique architectures to confine and stabilize sulfur molecules. These architectures exhibit a conductivity appropriate for utilization in a battery system.



ZIF-8 derived carbons have been an attractive option recently to enclose sulfur, forming morphologies such as typical rhombic dodecahedrons [38,39,40], spheres [41] and nanosheets [42] or nanocomposites with graphene [43,44,45] or grown on 1D structures such as CNTs [46] or nanofibers [47] in order to be applied in Li-S cathodes. A successful example has been the production of N-doped hierarchically porous carbon 2D nanosheets by Jiang et al. in order to immobilize sulfur molecules. The fabricated cathode could attain 300 cycles, while in the 100th cycle it delivered capacity retention of 65.2% at 0.2C. The overall battery system supplied an initial capacity of 1226 mAh/g [42].



In the same direction, MOF-5 has been considered an efficient source of Mesoporous carbon for sulfur encapsulation, which has been enriched with metal carbides [48], graphene sheets [49] and MWCNTs [50]. Literature review reveals an extensive exploration of ZIF-67 as a precursor of carbonaceous structures since it can attribute to the material cobalt sites which enhance the sulfur confinement. The corresponding composite architectures can be typical ZIF-67 derived polyhedra [51,52,53,54], polyhedra decorated with CNTs [55,56,57,58] or combined with graphene structures [32,59,60]. A recent study can be highlighted that exploits ZIF-67 as a self-sacrifice template for a sulfur host, CNTs as a conductive matrix and also CoS2 sites that successfully restricted the shuttle effect [61].



Other than cobalt, other transition metals are also found to accelerate the kinetics of polysulfides redox reactions in the cathode and prevent the loss of polysulfides due to their physical and chemical interactions with them. Thus, Fe-BDC [62] and Fe-based MIL-53 [63] were used to form highly conductive honeycomb-like carbon networks enriched with Fe3O4 particles. In both reports, the metal oxides were found to enhance the rate capability of the prepared Li-S batteries. Liu et al. used Mn-BTC as a source of Mn molecules and spherical carbon frameworks to assemble an efficient immobilizer matrix for sulfur species as presented in Figure 4 [64]. The Mn/C-(N, O) cathode material when implemented in an in situ prepared Li-S battery exhibited durability (400 cycles at 0.2C) and increased initial capacity (1330 mAh/g at 0.2C), which were attributed to the catalytic properties of Mn species.



Similarly, selenium, belonging to the same group as sulfur, and possessing a higher electrical conductivity is recently viewed as a potential alternative for lithium battery cathodes. Selenium molecules can provoke dissolution problems if they form high order lithium selenides and could also cause destructive expansion through the cycling of the battery. Several recent articles have attempted to implement MOFs as appropriate hosts for Se active material [65].



Li et al. performed an in-situ solvothermal (under reflux) growth of Al-MIL-68 onto MWNCTs (Figure 5) [66]. The collected composite had formed an interconnected web, with MOF crystals stringed through the conductive CNTS, capable of polyselenides confinement and electrolyte facilitation (Figure 3). Compared to the pure MIL-68, the composite exhibited 50% higher capacity, reaching 453 mAh/g at 0.2C after 200 cycles [66].



ZIF-8 and MOF-5 constitute some of the early proposed MOFs to be used as self-sacrifice templates to fabricate porous carbon structures and accommodate polyselenides [67,68].



Li et al. highlighted the importance of heteroatom doping when constructing porous structures to incorporate selenium. The team synthesized nitrogen-doped rod-like carbon sponges from an Al-MOF and applied them in a Li-Se battery system. The battery attained 200 galvanostatic charge/discharge cycles delivering a specific capacity of 443.2 mAh/g at 0.5C (Figure 6) [69]. Carbonization of SAF led to easily made carbon nanosheets which proved to be really durable facing Se/Li reactions preventing the whole matrix from expanding [69].



Park et al. investigated MOF-derived structures that combine mesopores and micropores by in situ carbonization of hybrids containing ZIF-8 deposited on other carbon structures. PAN nanofibers [70] and crumpled graphene balls (CGBs) [71] were tested as potential ZIF-7 supports and melt diffusion was conducted to complete Se loading. In the second case, the cathode material was denoted as NPC/CGB and the Li-Se battery exhibited better initial capacity (998 mAh/g versus 921 mAh/g at 0.5C) and prominent stability during continuous cycling (81.4% capacity retention at 10th cycle versus 79.2% capacity retention at 2nd cycle). Comparable battery performance results were obtained by a carbonaceous cathode prepared from a Zn/Ni-MOF2 precursor [72]. The porous carbon microcubes (CMCs) were enriched with Se via a melt diffusion process and successfully applied in a Li-Se battery.



Apart from the most usual Li/Se [73] batteries, Li/SeS2 have been investigated as well [74,75,76]. Cong et al. reported the in situ growth of ZIF-67 on graphene nanosheets (GNs) that was further annealed under Ar (650 °C) to receive Co-NC@GN and finally obtain CoP-NC@GN with the addition of phosphorous precursor (350 °C) [76]. The GNs substrate provided the expanding area of nanosized CoP and promoted electron transfer, whereas CoP active sites could chemically capture the polysulfides/selenides intermediates. The hybrid delivered an initial capacity of 868 mAh/g, which dropped to 580 mAh/g after 200 cycles at 2 A/g. The previous stage of the composite (Co-NC@GN) along with a sample without GNs (Co-NC) were also tested but with inferior results, indicating the significance of the substrate.




3. Metal Ion Batteries


The widespread use of wearable electronics has brought the need for flexible types of energy storage devices, with many efforts taking place in the field of metal-ion batteries. In Metal -Ion batteries like Li-ion, the cathode is the Li-containing electrode and is usually composed of transition metal oxides, such as LiMO2, LiM2O4 and LiMPO4 (M = Mn, Co, Ni, etc.). On the other side of the battery cell, the anode is still dominated even at the research level by graphitic carbon materials [77]. The specific capacity of the battery depends on the molecular weight of the material used in the cathode, unlike Li-S and Li-Se batteries where Lithium dominates the theoretical capacity of the battery. For instance, a LiCoO2 cathode offers a theoretical capacity of 274 mAh/g [78] while a LiFePO4 cathode until 160 mAh/g [79].



The first report of a MOF applied in a Li-ion battery can be found back in 2005 with MOF-177 [80]. A few years later Fe2+ and Fe3+ started being explored as redox centers in MOFS such as MIL-53 [81,82] and MIL-68 [83]. Other than their common linker, terephthalic acid, these MOFs displayed alternative structures depending on the different synthesis conditions. In fact, MIL-53 comprised of triangular shaped pores while MIL-68 hexagonal shaped pores which restricted the Li-containing electrolyte from fully diffusing into the material.



Further attention was given later to the MIL family, with Fe containing MIL-101 [84,85] which is considered to demand inexpensive materials and simple solvothermal methods to be synthesized, while the incorporation of Li atoms in the MOF is possible. The MOF was found to secure the battery from oxidation reactions of the electrolyte and attribute to the battery’s thermal stability, while also being notably stable after extensive galvanostatic cycling. However, the initial discharge capacity was still relatively low when compared to conventional cathodes [85]. A higher initial specific capacity of 172 mAh/g at 50 mA/g was reached by another iron-containing MOF based on ferrocenedicarboxylate (Fe2(DFc)3). Moreover, the cathode could attain 10,000 cycles delivering a specific capacity of 70 mAh/g at 2000 mA/g [86].



Moving from iron-based MOFs to copper-based MOFs, a Cu-TCA (tricarboxytriphenyl amine linker) was applied in a Li-ion cell and delivered capacity retention of only 39% over 200 cycles possibly due to redox activity loss of Cu ions [87]. Later, Nagatomi et al. [88] prepared a MOF denoted as 2D Cu-CuPC based on a phthalocyanine linker and combines successfully a network of micropores (1.4 nm) and mesopores (11 nm) contributing to a BET surface area of 358 m2g−1. The MOF delivers promising initial specific capacity, even comparable to conventional cathodes, however, it needs an electrical conductivity enhancement in order to be fully applicable in a LIB. Tian et al. proposed that a 2D MOF layered structure would be more favorable for Li diffusion kinetics. They synthesized a series of naphthalenediimide-based MOFs containing cadmium or cobalt metal centers via a facile room-temperature anion and thermodynamic control. Afterward, the MOFs were evaluated regarding their electrochemical properties in Li-ion coin cell type batteries. Very recently, a 3-D Co-MOF [89] and a MnCo-MOF [90] were synthesized and applied in a Li-ion cell. The Mn-CO bimetallic MOF specifically exhibited superior catalytic activity as revealed by 600 galvanostatic cycles at 1000 mA/g and the discharge capacity of 337 mAh/g.



He et al. prepared a vanadium MOF (MIL-47) onto CNT fibers via a solvothermal method [91]. The SEM analysis revealed the critical role of reaction time, considering that decreased durations resulted in more dense/compact morphology (12 h), while increasing the reaction time to 24, 48 or even 60 h led to a fluffier framework (Figure 7). The anode was fabricated by electrodepositing zinc onto CNT fibers and the two electrodes were immersed into gel electrolyte (based on zinc chloride and PVA) and then twisted together. The assembled device presented a maximum energy density of 30.7 mWh/cm3 and a power density of 1.46 W/cm3. The flexibility was verified under different bending angles and the stability was adequate (81.5% retention after 300 cycles) to enable future research for such materials.



Among the NCM (or NMC) materials (Nickel, Cobalt and Manganese), NCM-333 (LiNi1/3Co1/3Mn1/3O2) is one of the most well-studied commercial applications of Li-ion batteries [92]. In order to increase the rate capabilities and cycling stability, Li and co-workers modified this cathode by in situ coating the surface with ZIF-8 [93]. The capacity retention was doubled to 81.4% over 300 cycles at 800 mA/g, whereas the rate performance was excellent with stable specific capacities (Figure 8). EIS also verified that the ZIF-8 layer could stabilize the growth of solid-electrolyte interface film and increase the charge transfer due to its high ionic conductivity (3.16 × 10−4 S/cm). Moreover, the group investigated the battery behavior at an elevated temperature of 55 °C, discovering that the ZIF could prevent/limit the NCM erosion by the decomposition products of the electrolyte.



Monocline Li3V2(PO4)3 has been an attractive option in recent research for cathode materials applied in Li-Ion batteries, due to its increased potential and theoretical capacity of Li ions [94,95,96]. Nevertheless, this compound suffers from intrinsically low electronic conductivity, thus several composites with carbon matrixes have been explored to form more efficient cathodes. MOFs constitute accessible precursors to form various carbon architectures. ZIF-8 (Zn(MeIM)2) has been used as a carbon precursor, to be combined with Li3V2(PO4)3 by flakes and nanorods under thermal treatment in order to form a sandwich-like geometry [94]. The effect of the carbonaceous foundation attributed promising features to the constructed electrode, regarding specific capacity retention (83.2% after 2500 cycles), however, the material was not tested in an assembled Li-ion battery. According to recent research however, MIL-101(V) [95] and a V-MOF [96] can be considered a precursor for both Li3V2(PO4)3 and carbon frameworks. Particularly, Wang et al. proposed the use of a cathode material denoted as LVP/P-C nanocomposites that presented promising stability over 1100 cycles at a current of 10C [96].



In the same direction, MIL-47(V) was used as a precursor to synthesize both active material particles (V2O5) and the carbon-coated layer via a controlled thermal decomposition process [97]. The electrochemical performance of the material proved to surpass bare V2O5. V2O5 has been also investigated as a cathode material for Li-ion batteries when stabilized on ZIF-67-derived carbon dodecahedra [98]. The aforementioned composite provides a number of advantageous features such as increased electronic and ionic conductivity, extended active surface area and homogeneous dispersion of active sites, while when synthesized at optimum conditions it can deliver an excellent specific capacity of 117.7 mAh/g at an extremely demanding current of 64C [98].



In alternative cases, MOFs can be conceived as precursors for materials, which are intended to be used as coatings around the cathode material particles, such as for Li1.2Mn0.54Ni0.13Co0.13O2 [99,100]. A similar approach has been proposed in order to enhance the efficiency of anthraquinone (AQ) as a cathode material for LIBs by confining molecules inside ZIF-8-derived 3D carbon frameworks [101]. One year later the same group developed a strategy to tackle fading and instability phenomena of the cathode, by polymerization of the active material inside the carbon polyhedral (Figure 9) [102]. The cathode material denoted as PAQS@3D-C could attain a specific capacity above 200 mAh/g for 500 cycles at 0.2C.



Vanadium oxides have been investigated as cathode materials also for ZIBs, thus carbon coating has been practiced for these applications too in order to boost the electronic conductivity of V2O5. Wang et al. constructed a novel Cu0.26V2O5@C composite using CuBTC as both a Cu-doping source and carbon framework coating [103]. The performance of the corresponding electrode when submitted to cyclic voltammetries and when applied in a ZIB is presented in Figure 10 [103].



ZIF-8 has been exploited to construct a honeycomb ZnO/N/C cathode material with superior characteristics and performance, regarding energy density, power density and durability when implemented in an in-situ assembled aqueous ZIB [104]. More specifically, the electrode delivered 97% of the initial capacity (114.4 mAh/g) after 8000 cycles of cycling. ZIF-8 was also used to decorate MnOx rods with N-doped onion-like carbon leading to favorable mechanical support through volume alterations from cycling and significantly tuning the electronic and ionic conductivity of the composite [105]. Zinc ions transportation is further promoted, and the exposed active surface area is extended, thus the prepared electrode showed prominent behavior when compared to bare MnO2 and MnOy electrodes.



An Mn-containing MOF was firstly deposited on CNTs and subsequently thermally treated in an air atmosphere to form a hybrid denoted as MnOx@C@CNT. The material was applied afterward as a ZIB cathode that attained 5000 cycles at 3 A/g and supplied the capacity of 95.6 mAh/g [106].



MOFs have been also considered as a source of carbon matrixes in order to immobilize active cathode species for Na-Ion battery applications. ZIF-8 derived N-doped polyhedra were used to host Poly (3,4,9,10-perylenetetracarboxylic dianhydride ethylene di-amine) (PI) to form a PI@NC composite that preserved the morphology of ZIF-8 [107]. When applied as cathode material in a SIB full cell, PI@NC demonstrated initial capacity of 101 mAh/g and a capacity retention of ~60% for 60 charge-discharge cycles at a demanding current density of 50 mA/g.



In the same direction, Lu et al. constructed a highly functional-Fe-MIL derived cathode material consisting of carbon-coated FeS2 nanoflakes dispersed on nanorods forming sea-cucumber-like architecture [108]. This design enhances Na+ mobility, limits the influence of volume expansion and holds intrinsic electronic activity due to the existence of the carbon coat. The electrode presented prominent stability over 10,000 continuous cycles at a current density of 20 A/g. Beyond typical MOF polyhedra or nanorods, Fe-MIL-derived graphitic carbon was proposed as an effective matrix to stabilize FeF2 NPs.




4. Metal-Air Batteries


Metal-Air Batteries are a type of battery system which functions differently from conventional batteries. In a MAB cell, the reductive agent comes from a typical metal anode (Zinc, Lithium, Aluminum, etc.), however, the oxidizing agent derives from ambient air which passes through the porous cathode to reach the electrolyte. The operation of the MAB offers new prospects for these types of batteries as their weight is reduced compared to conventional systems, so they give far more extended high energy density. This is the main reason that the attention from researchers has been revived in recent years, with the vast majority of them investigating cathode materials. The reactions occurring in the cathode are Oxygen Reduction Reaction during the discharge of the battery and Oxygen Evolution Reaction during charge. The challenge is that the cathode should contain a bifunctional electrocatalyst, which can simultaneously and effectively catalyze both of the reactions [1,3,109,110].



The state-of-the-art electrocatalysts for Zinc Air Batteries (ZABs) cathodes are noble metal (Pt and IrO2) containing electrocatalysts while recently non-precious alternatives have been proposed such as single atom catalysts [61], carbonaceous materials [111], transition metal oxides [112], metal alloys [113], sulfides [114], etc. It is proven that characteristics like micro and meso-porosity, crystal structure and interfaces of heterostructures are dominant when it comes to oxygen electrocatalysts’ performance [1]. MOFs can exhibit features like versatile porosity and expanded active surface area that constitute promising candidates as oxygen electrocatalysts in MABs cathodes [6,115].



A first attempt to incorporate MOFs in Li-O2 cathodes was introduced by Wu et al. [116] in 2014, with MOF-5, HKUST-1 and MOF-74 and metal sites of Cobalt, Magnesium and Manganese. The finest performance was reported by MOF-74 which assured open metal sites with initial specific capacities of 3630 (Co), 4560 (Mg) and 9420 mAh/g (Mn). Nevertheless, after 6 galvanostatic cycles at 200 mA/g an inevitable drop in capacity is noticed from ~5600 (N = 1) to 1300 mAh/g (N = 6). Later on, the research on MOF-74 was continued, with Co-MOF-74 by Yan et al. [117]. At that time the effect of size on NPs (nanorods) on the performance of the cell was studied. Results proved that the nanorods with a diameter of 20 nm were superior compared to those of 800 nm. The initial capacity was 11,350 mAh/g at 100 mA/g while the cathode attained 8 cycles delivering 1000 mAh/g at a current density of 250 mA/g. An interesting approach was proposed by Kim et al. [118] who synthesized MOF-74 with a MnCo bimetallic metal center (1:4 ratio). The approach was found really successful as the elctrocatalyst endured 44 cycles at 200 mA/g presenting a specific capacity of 1000 mAh/g. Similarly, a Co/Zn-MOF was synthesized recently to be successfully implemented in a Li-air battery [119].



There are several studies reporting pristine MOFs combined with carbon substances in order to form electrocatalysts able to catalyze Li-O2 redox reaction kinetics). Zhang et al. presented the synthesis of Mn-MOF-74@CNTs as the cathode of a Li-O2 battery [120]. Based on their analysis (XPS, XPS, SEM/TEM), they observed the formation and deposition of Li2O2 (as a discharge product) onto the cathode surface in dry oxygen, whereas in a humid oxygen atmosphere (≥200 ppm moisture) LiOH crystals (flake-like) are produced, thus this hybrid is better suited as an electrode for humid oxygen conditions, considering that LiOH is less reactive and causes fewer side reactions. By increasing the moisture levels the discharge capacity increased from 1400 to 2500 mAh/g at 125 mA/g and the cycle life improved from 14 to 60 cycles. Additionally, they examined the LiOH flakes via SEM and revealed the increased size of the flakes as the discharge process proceeded. The flakes had a preference to form on MOF NPs instead of carbon surface, probably due to stronger adsorption energy of intermediates from Mn cations open metal sites or linker functional groups.



Moving to MOF-derived carbon materials MOF-5 was prepared as a precursor for a Li-O2 battery application. The final product was a highly porous carbon network with a BET surface area of 1255 m2/g that delivered a discharge capacity of 1437 mAh/g at the first cycle. A two-step procedure was followed to synthesize the carbon network: chemical etching and carbonization [121]. Polystyrene beads were later exploited as a template to assist the thermal treatment of ZIF-8 to form a macro and microporous electrocatalyst [122]. The resulted cathode exhibited a specific capacity of 5082 mAh/g.



A number of reports investigate ZIF-67 as a template to construct cathode composite materials enhanced with metal oxide [123,124] or metal [125] active sites. A unique cage-type ZIF-8@ZIF-67 architecture was proposed firstly by Tang et al. in order to construct highly graphitic porous carbon polyhedra with interspersed Co3O4 NPs for battery application [126]. The catalyst denoted as GPC−Co3O4 combines the advantageous features of this modulated geometric structure and intrinsic activity of the transition metal oxide particles. The in-situ made Li-O2 battery demonstrated steady discharge and charge voltage profiles (2.62–4.16 V) when cycled with a limiting capacity (500 mAh/g) for 50 cycles. Inthe same direction, Zhao et al. used ZIF-8@ZIF-67 as a sacrificing template to prepare catalytic carbon polyhedral enriched with Co3O4 and spinel NiCo2O4 NPs (Figure 11) [127]. The designed structure when operated as an electrocatalyst in a Li-air cell showed a promising catalytic activity (discharge capacity of 11,673 mAh/g and stable performance for 280 cycles).



MIL-100 (Fe) [128] and MIL-101 (Cr) [129] have been used as precursors to construct nanocomposites with octahedral morphology and well-dispersed metal oxide active sites. These porous frameworks attribute enhanced electronic and ionic conductivity to the composite and displayed powerful properties as air cathodes in Li-O2 batteries.



Tan et al. synthesized Co(C4H5N2)2 [Co(mIm)2] crystals and after two-step calcination, they obtained a biphasic N-doped cobalt@graphene multiple-capsule heterostructure (BND−Co@G−MCH) [125]. DFT calculations revealed that accessible Co, CoN sites and N-doped defects on graphene can act as nucleation sites to facilitate Li2O2 formation.



The above cases are reported as Lithium-Oxygen Batteries, as pure oxygen is supplied instead of ambient air, so as to avoid external interventions. Li-air batteries are highly sensitive to air contaminants like CO2 and H2O, whose presence can cause phenomena like cracking, corrosion and pulverization. Moreover, Lithium has been reported to be explosively reactive with H2O, consequently, much effort has been devoted to developing Zinc-Air Batteries which are considered safer [130]



Perovskites have been feasible materials as OER catalysts, due to their low cost and catalytic activity [112]. However, they suffer from the low surface area, which is crucial for such applications, hence approaches, like doping of either A or B sites have been investigated but had not been always effective, due to the low solubility of those elements [131,132]. Wang and co-workers reported the in-situ growth of Co-MOF-74 rods onto a pre-prepared LaCoO3-δ perovskite [133]. Albeit LC is not a good OER electrocatalyst, the group selected it to underline the significance of the MOF/LC interface. This functionalization induced the creation of active sites due to cobalt ions from LC coordinating with the MOF ligand, thus breaking the scaling relationship of oxygen intermediates (*OH, *O, and *OOH) and reducing OER overpotential [134]. The zinc-air battery (ZAB) displayed good cycling stability over 120 h at 5 mA/cm2 with a charge/discharge voltage of 2.00/1.33 V, respectively [133]. Moreover, other than the 2,5-dihydroxy-terephthalic acid, additional linkers were tested, such as trimesic acid and 2-methylimidazole, with promising results.



A combination of MOF and its carbon derivative was prepared by Huang et al. [135]. NiCo-MOF (based on 2,6-naphthalenedicarboxylic acid) was grown onto nickel foam substrate and was then annealed in an N2 atmosphere to receive Ni-Co/C (A-NCM). Afterward, MOF was freshly regrown onto the aforementioned annealed sample, obtaining the hybrid, denoted as R-NCM. As the air cathode in a ZAB, R-NCM exhibited the best performance, compared to both initial MOF and A-NCM, when evaluated at 10 mA/cm2, a fixed capacity of 17.7 mAh and charge-discharge potential gap of 0.9 V.



ZIF-8 and ZIF-67 have been dominating recent reports that refer to the conversion of MOFs into carbonaceous composites to form oxygen electrocatalysts. Heteroatom doping is a common strategy to enhance the ORR activity of carbonaceous materials [136,137,138], thus a uniform polyhedron network was synthesized by a NaCl-assisted carbonization of ZIF-8 and was applied in a primary alkaline ZAB. In the same direction, a silica-assisted template method was proposed to optimize exposure of graphitic N-active sites of a ZIF-8 derived material. This method contributed to the creation of a large specific surface area (254 m2/g) comprised of a macroporous framework and micomesoporous “walls” [137]. The experimental primary ZAB endured a relatively high current density of 120 mA/cm2 to fully discharge and present a specific capacity of 770 mAh/gZn, which is very close to the theoretical capacity of a zinc electrode.



In order to increase ORR/OER active sites, the addition of single metal catalytic molecules to carbon matrixes has proven to be very effective. This methodology was applied also to ZIF-8-derived electrocatalysts in order to create a Fe-N-C hierarchically porous network. An in-situ pyrolysis of Fe-ZIF led to the aforementioned Fe-N-C hybrid which was implemented in a ZAB system. Fe atoms were noticed to improve electronic conductivity of the catalyst, as well as enhance the wettability of the cathode with the electrolyte, contributing to more triple-phase boundaries and thus better ORR properties (E1/2 = 0.881) [139]. After special treatment ZIF-8 was a non-expensive and facile intermediate to synthesize Fe-N doped CNTs, which also perform exceptionally as ORR catalysts and proved to be durable cathode materials for ZABs [140,141]. Ferrocene (Fe(C5H5)2) [142] and iron carbonyl (Fe(CO)5) [143] have been reported as appropriate reactants to modify ZIF-8 and prepare Fe-enhanced carbon materials. In both research the fabricated cathodes outperformed precious metal Pt/C cathodes, limiting overpotentials and exhibiting high power densities (>200 mW/cm2).



Moving to the preparation of bifunctional catalysts, which can also catalyze OER kinetics, a similar Fe and N containing ZIF-8 derived catalyst was prepared by Chen et al. [144] and implemented in a secondary ZAB which attained 600 continuous galvanostatic 10-min cycles at a current density of 10 mA/cm2. Moreover, the cell exhibited an excellent specific capacity (801 mAh/g) and peak power density (184 mW/cm2) (Figure 12)



In the same direction, cobalt has been studied regarding its properties as an ORR/OER active metal center. ZIF-67 as it contains cobalt atoms was an ideal precursor to treat in an inert atmosphere and produce a typical Co, N doped porous carbon structure (Figure 13) [145,146].



If an appropriate Co-precursor is used, Co molecules can be confined on ZIF-8 derived carbon framework and form a catalyst effective in aqueous and solid state ZABs [147]. The alkaline ZAB showed exceptional stability and endured 2-h galvanostatic cycles at the current density of 50 mA/cm2. The performance was attributed to the outstanding ORR and OER metrics of the electrocatalyst (ΔE (E1/2 − Ej = 10) = 0.65 V)



Moreover, other morphologies of MOF-derived Co-N-C materials have been explored, such as nanorods [148], nanoflake arrays [149] and hexagonal structures [150].



Except for typical polyhedral carbon structures deriving from ZIF-67 or ZIF-8 frameworks, some recent studies have focused on preparing composites based on 2D layered carbon structures that can be obtained from 2D-layered ZIF (ZIF-L) sheets.



Chen et al. compared the specific surface area, pore distribution and ORR catalytic properties of cobalt decorated carbon nanostructures forming either dodecahedra (derived from ZIF-67), or nanosheets (derived from ZIF-L) [151]. Cobalt-enriched N-doped carbon nanosheets (Co-NCS) appear to possess enhanced properties, while the catalyst can be further enriched with CNTs, if Hydrogen is present in the pyrolysis process, as thoroughly explained in the article. The final product was applied in a liquid Zinc-Air Battery and strongly outperformed a state-of-art Pt electrode, with superior electrocatalytic durability (Voltage Gap ΔV = 0.88 V for 30 h of continuous cycling at a current density of 5 mA/cm2).



Zhou et al. constructed a star-like architecture (Figure 14) based on cobalt-doped carbon structures deriving from a Co-doped ZIF-8 and ZIF-L combination [152]. The catalyst was specifically investigated towards ORR and the competent durability is attributed to the existence of Co-N3C moieties but also to the six–nanosheet (branches) morphology which promotes the active surface area.



Very recently Zhou et al. [153] constructed a Co/CoO decorated N,S co-doped carbon matrix via urea treatment and subsequent calcination under Argon atmosphere of a core-shell Zn-MOF@Co-MOF as shown in Figure 15. The resulted bifunctional electrocatalyst was thoroughly electrochemically investigated. It is highlighted that the catalyst outperformed the precious conventional electrode maintaining an excellent Voltage Gap of around 1 V for 400 h of galvanostatic cycling at 10 mA/cm2 when applied in a liquid secondary ZAB and around 0.8 V for around 150 h of galvanostatic cycling at 10 mA/cm2 when applied in a solid-state secondary ZAB. These results were certified also by the catalyst’s excellent ORR/OER properties (ΔΕ = 0.775 V), which can be attributed to the synergistic effects of heteroatom doping, increased active surface area and open metal sites.



Cobalt nanoalloys such as CuCo [154] and CoFe [155] were also used to improve the catalytic properties of similar carbon leaf-like nanocomposites synthesized by thermal treatment of ZIF-L. It can be highlighted that a catalyst denoted as 2D ZnCoFe/NC was applied successfully as a cathode material in an in-situ made primary flexible battery restricting voltage overpotentials [155].



Another unique ZIF-L-based hybrid architecture was proposed in order to maximize active sites by pyrolyzing 3D MOF-on-2D MOF nano-micro arrays [156]. The catalyst denoted as ZIF-L-D-Co3O4/CC outperformed conventional noble electrodes regarding OER (overpotential of 310 mV to reach the current density of 10 mA/cm2) and ORR (half-wave potential E1/2 = 0.9 V). The interspersed cobalt oxide NPs multiply the active sites of the already high surface area, while the absence of a necessary binder to accomplish such a unique hierarchical structure leads to more exposed active material on the air electrode, which proved to be beneficial for the performance of the assembled ZAB.



Other than conventional MOF architectures, several studies highlight the synthesis of novel MOFs in order to modify them into bifunctional electrocatalysts for ZAB applications. Zhang et al. constructed a pair of enantiotopic chiral 3D MOFs [[Co6(MIDPPA)3 (1,2,4-btc)3(NO2)3(H2O)3](H2O)7]n 1L and 1R, in order to explore the optimum pyrolysis temperature to obtain rod-like Co@N-C oxygen catalysts [148]. The sample denoted as C-MOF-C2-900 (pyrolysis at 900 °C) when operated as a cathode material exhibited promising ORR and OER properties, especially when observing the cycling stability of the fabricated ZAB, where the charge-discharge voltage gap is not extended more than 0.6 V for 120 h of continuous operation. In the same context, a Fe-N/C material was synthesized through direct thermal treatment of a Fe-TPP(tetraphenylporphyrin iron) ⊂ rho-ZIF (ZIF with rho topology) complex and was successfully implemented in a liquid ZAB [157].



Nanocomposites of MOF-derived materials have been tested as potential ORR electrocatalysts to be applied in primary solid state and aqueous Al-air batteries. CoNi nanoalloy particles were stabilized via a silica-assisted pyrolysis procedure into ZIF-67-derived carbon frameworks [158]. The alloys attribute to the composite dual active sites which facilitate ORR, as implied by high Eonset = 1.02 V and E1/2 = 0.91 V. Liquid and quasi-solid-state Al-Air Batteries’ performance verified the prominent ORR kinetics, outperforming corresponding batteries with noble electrodes, with the liquid battery displaying a prominent peak power density of 203.69 mA/cm2. ZIF-67 can be coupled with carbonaceous materials and metal compounds to be annealed in air and form nanocomposite structures with a combination of advantageous features promoting ORR. Li et al. constructed an oxygen electrocatalyst, denoted as Sm2O3–Co/NEC300J, which delivered 1588 mAh/gAl at a discharge current density of 20 mA/cm2, and a discharge voltage above 1.2 V as a cathode material [159]. The catalyst benefited from the typical polyhedral morphology derived from ZIF-67, N doping and the multiple interactions between Co and Sm2O3. Liu et al. prepared a coin Al-air cell enriched with a ZnO/ZnCo2O4/C@rGO ORR electrocatalyst which surpassed a corresponding precious metal Pt/C electrode throughout ORR polarization tests [160]. The catalyst possessed a unique structure of ZnO/ZnCo2O4 enhanced carbon nanocages which were dispersed into rGO nanosheets. Other than ZIF-67, a Cu-MOF was used as a precursor to form Cu/Cu2O and amorphous CuNxCy species in order to enhance the catalytic properties of Ketjenblack (KB) carbon when applied in an Al-air battery [161]. The catalyst displayed prominent durability during ORR polarization tests and limited the discharging polarization of the battery (Discharge Voltage > 1.5 V) at a high current density (40 mA/cm2) when compared to a platinum catalyst.




5. Conclusions


MOFs application in energy storage systems has set the ground for further exploration of MOFs’ electrochemical properties. Until now, very few reports have promising results when locating pristine MOFs in battery cathodes. On the other hand, nanocomposites with pristine MOFs offer far more possibilities by combining MOFs mainly with carbon-based materials to benefit from their electronic conductivity and the developed active interfaces.



General challenges when perceiving MOF materials as battery cathodes consist of cost and performance considerations. Realistic battery systems call for mass production of materials, avoiding as much as possible intricate and time-consuming processes. For now, the preparation of MOFs has been restricted to laboratory scale, focusing mainly on specifically enhanced characteristics of the nanoparticles, rather than simplifying the overall procedure of synthesis. Moving to restrictions regarding the performance of MOFs, it is recognized, as aforementioned, that MOFs are inferior to other electrocatalysts when it comes to electronic conductivity. Promoting electrical conductivity of such molecular frameworks has become an emerging field in recent years and some conductivity demands can be met by introducing redox active molecules or heteroatoms into the pathways of the network in order to increase internal kinetics. Alternatively, conductive polymers, carbonaceous, copper foam and nickel foam can be promising candidates to boost the electrical conductivity of MOFs. When investigating each battery system separately, high porosity is desirable, as the existence of channels favors the hostage of active materials or offers abundant reaction sites. However, such high volumes of materials inevitably will lead to a low overall volumetric energy density of the battery in future operations. This is the reason why an in-depth understanding of the mechanisms of conversion reactions or redox reactions should be conquered so we can rationally design specifically structured pores and active sites, avoiding “chasing” only the abundance of pores. The key is to completely define the relationship between the MOF structural characteristics with its electrochemical properties in a specific battery application. In this procedure, situ/operando characterization techniques should be exploited. There are cases when the properties of MOFs are dynamic and while they may play a critical role in the overall efficiency of the battery, they remain unknown.



MOF derivatives appear to meet critical demands regarding cathodes’ application according to numerous reports experimenting on mainly preparing carbonaceous structures that preserve the morphology of their MOF precursor. There have been effective thermal treatment strategies for the preparation of these derivatives, exploring their resulting properties by controlling the temperature rate and gas mixtures. These derivatives are sometimes further enhanced with a metal oxide derived from the metal center of the MOF and provide a highly electronic and ionic conductive carbon porous network. Depending on the compound chosen to be associated with the mentioned network, specific advantageous electrochemical properties can be tuned in order to form hybrids with promising performance when implemented in battery cathodes.



The ongoing demand for efficient and “greener” energy storage devices has set the course for the investigation of more stable and functionalized structures to be directly implemented in such applications. Toward this end, MOFs offer broad possibilities not only due to their unique nano-morphologies and pore structure, but mostly because of their flexibility when collaborating with other substances in order to form multifunctional heterostructures.
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Figure 1. Schematic illustration of 3DOM ZIF-8 synthesis process. Reproduced with permission from [23]. (Copyright Elsevier). 
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Figure 2. (a) Rate performance at various rates, (b) voltage profiles at various current densities, (c) long-term cycling at 0.5C. Adapted with permission from [27]. (Copyright 2021, Elsevier). 






Figure 2. (a) Rate performance at various rates, (b) voltage profiles at various current densities, (c) long-term cycling at 0.5C. Adapted with permission from [27]. (Copyright 2021, Elsevier).



[image: Energies 15 05460 g002]







[image: Energies 15 05460 g003 550] 





Figure 3. (a) Fe-soc@rGO synthesis scheme, SEM images of (b) Fe-soc (c) Fe-soc@rGO, (d) rate performance, (e) cycle performance. Adapted with permission from [31]. (Copyright 2020, Elsevier). 
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Figure 4. (a) Schematic illustration of the synthetic process for Mn/C-(N, O) and the detailed structure of Mn/C-(N, O) where Mn residues embedded in a 3D carbon framework predominantly exist as single atoms coordinated with O and N atoms, (b) Schematic illustration of the trapping mechanism of sulfur and polysulfide species in S@Mn/C-(N, O) composites. Reproduced with permissions from [64]. (Copyright 2021, Elsevier). 
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Figure 5. (a) Schematic illustration of Al-MIL-68@MWCNTs synthesis, (b–d) SEM pictures, (e–g) TEM pictures. Adapted with permissions from [66]. (Copyright 2021, Elsevier). 
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Figure 6. (a) Rate performances of PCNS/Se−58, PCNS/Se−63 and pure Se electrodes, (b) Cycle performance of PCNS/Se-58 and PCNS/Se-63 at 2C, (c) Cycle performance of PCNS/Se-58 at 5C, (d) the equivalent circuit for the battery, and solid triangle denote experimental data while the hollow triangle represents the fitted data, (e) CV curve of PCNS/Se-58 composites, (f) Discharge/charge curves of PCNS/Se-58 composites at 2C for the 1st, 50th,100th and 200th cycle, respectively. Reproduced with permission from [69]. (Copyright Elsevier). 
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Figure 7. SEM images of V-MIL-47@CNTF after (a) 12 h (V-MOF-12) and (b) 48 h (V-MOF-48), (c) Schematic illustration, (d) GCD curves at various current densities, (e) Specific capacities at various current densities and (f) Cycling performance of the V-MOF-48//Zn battery. Adapted with permissions from [91]. (Copyright 2019, Elsevier). 
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Figure 8. (a) Rate performance from 0.1C to 7.5C, Electrochemical impedance spectra during the (b) 5th cycle and (c) 200th cycle at 2C for NCM333 and NCM333@ZIF-8 electrodes. Inset of (b) is equivalent circuit. Reproduced with permissions from [93]. (Copyright 2020, Elsevier). 
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Figure 9. Synthesis process of PAQS@3D-C. Adapted with permissions from [89]. (Copyright 2020, Elsevier). 
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Figure 10. (a) The first three CV curves of Cu0.26V2O5@C at a scan rate of 0.2 mV/s in the voltage range of 0.3–1.6 V, (b) the initial charge/discharge curves of Cu0.26V2O5@C at the current density of 0.2 A/g, (c) the rate performances of Cu0.26V2O5@C under different current densities, (d) the relevant charge-discharge curves under different current densities and (e) the cycling performance of Cu0.26V2O5@C, Cu0.26V2O5/V2O5, and Cu2V2O7 under high current densities. Reproduced with permissions from [103]. (Copyright 2020, Elsevier). 
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Figure 11. Top: Synthesis process of Co3O4@NiCo2O4. Bottom: (a) The first charge-discharge curve of catalysts with limited capacity; (b) The first discharge-charge curves of Co3O4 and Co3O4@NiCo2O4; (c) rate capability and capacity retention rate (inset) of Li–O2 batteries assembled with cathodes; (d) cycling performance of Co3O4@NiCo2O4 cathode. Reproduced with permissions from [127]. (Copyright 2021, Elsevier). 






Figure 11. Top: Synthesis process of Co3O4@NiCo2O4. Bottom: (a) The first charge-discharge curve of catalysts with limited capacity; (b) The first discharge-charge curves of Co3O4 and Co3O4@NiCo2O4; (c) rate capability and capacity retention rate (inset) of Li–O2 batteries assembled with cathodes; (d) cycling performance of Co3O4@NiCo2O4 cathode. Reproduced with permissions from [127]. (Copyright 2021, Elsevier).



[image: Energies 15 05460 g011]







[image: Energies 15 05460 g012 550] 





Figure 12. (a) Schematic of the home-made Zn-air battery employing Fe-NCDNA-2 as the ORR catalyst; (b) Open-circuit voltage curve; (c) Discharge polarization curves and power density. The inset shows the digital graph of a red LED powered by the constructed Zn-air battery; (d) Galvanostatic discharge curves of the Zn-air batteries with the Fe-NCDNA-2 and Pt/C as catalysts at the current density of 10 mAcm–2. (Inset shows the specific capacities of the Zn-air batteries employing Fe-NCDNA-2 and Pt/C, normalized to the weight of the consumed Zn); (e) Galvanostatic discharge of the Zn-air batteries at different current densities; (f) Galvanostatic discharge–charge cycling curves at 10 mA cm–2 per cycle for 10 min. Reproduced with permissions from [144]. (Copyright 2021, Elsevier). 
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Figure 13. Top: The formation process of the Co@N-CNR catalyst. Reproduced with permissions from [145]. Bottom: The schematic illustration of the synthesis process of the Co-N-C. Reproduced with permissions from [146]. (Copyright 2018, Elsevier). 
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Figure 14. (a) Schematic illustration for synthesis of CoSA-N-C star-like catalysts. SEM images of (b) Co0-N-C (no cobalt), (c) CoSA-N-C (moderate cobalt) and (d) CoNP-N-C (excessive cobalt), respectively. (e) TEM image and (f) atomic-resolution HAADF-STEM image of the CoSA-N-C. (g) The corresponding elemental mappings for the distribution of Co (yellow), C (red), and N (orange). Reproduced with permissions from [131]. (Copyright 2021, Elsevier). 
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Figure 15. The schematic diagram of the synthetic pathway of Co/CoO@NSC catalysts. Reproduced with permissions from [153]. (Copyright 2021, Elsevier). 
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